Certain lyotropic surfactant systems, including microemulsions, form smectic phases at very low volume fractions of surfactant (in the few percent range). Upon further dilution these melt into an isotropic state. The effect of a steady shear flow on this transition has been considered from the point of view of time-dependent Landau Ginzburg theory. In the absence of a cubic term in the Landau expansion, the theory predicts, in a suitable temperature range, a transition from the isotropic to the lamellar phase at a critical shear rate D*. (Preliminary experiments suggest D* of only a few reciprocal seconds for certain highly diluted bilayer-forming surfactant systems.) In the presence of a cubic term (as expected for most microemulsions, on symmetry grounds), there is the further possibility of an hexagonal phase. In this case we predict that the hexagonal phase is stabilized by shear even more effectively than the lamellar one. Hence we expect systems to exist for which hexagonal order is induced by a flow, whereas lowering the temperature produces a lamellar phase instead.
Introduction
Certain lyotropic surfactant systems [l-31 and microemulsions [4, 51 ( in common with diblock copolymers blends and solutions [6-81) may undergo a transition from a liquid-like homogeneous disordered phase to a long-range ordered state. Several different ordered structures can result, depending upon the intrinsic asymmetry of the system. Very asymmetric systems tend to form spherical objects, packed in a threedimensional body-centre cubic lattice. For smaller asymmetries the tendency is to form cylinder-like aggregates, packed in a two-dimensional hexagonal lattice, or one dimensional lamellar structures. In microemulsions, for example, the intrinsic asymmetry is controlled by the spontaneous curvature of the surfactant film at the oil/water interface, and by the ratio of water and oil contents. In suitable systems, hexagonal liquid crystalline phases, as well as lamellar (smectic) ones, are seen [9].
At the level of the mean-field approximation, the LandauGinsburg formalism (which is expected to correctly describe the second-order or weakly first-order phase transitions) predicts a second order [7, 101 isotropic-lamellar transition for symmetric systems but a first order one when there is finite asymmetry. Symmetric systems include (as an idealization) perfectly "balanced" microemulsions with no spontaneous curvature and equals amounts of water and oil. A more exact realization of such a system may be provided by the spongelike L, phase [ll-131, in which it is thought that a surfactant bilayer divides random domains of the same solvent. [In this case the two sides of the sheet are identica1 and the symmetry is exact unless it is spontaneously broken.] If fluctuations are taken into account at the Hartree level [14] the transition becomes first order even for symmetric systems. The Hartree treatment leads also to a negative shift into the temperature at which the transition occurs [6, 141. Under an applied shear flow (U, = (Dy, 0, 0)) the two preceding descriptions correspond to two limiting situations
[ 151: (a) for small enough shear rates D, the time for a fluctuation to be convected away from the critical shell (
is longer than its spontaneous relaxation time, and the flow has only a weak effect on the phase transition which remains "Hartree-like"; (b) for large shear rates the fluctuations are convected away before they would otherwise have time to relax, and are less and less effective in suppressing the phase transition which, at high shear rates, therefore acquires a strong mean-field character.
In the case of symmetric systems the transition temperature increases with shear rate [16, 171 and, for large enough shear rates, approaches exponentially its mean-field value. Hence, close to the static transition temperature, there is a region where the disordered homogeneous phase becomes unstable to a lamellar phase at high enough shear rate. For asymmetric systems one obviously need to consider also the formation of two dimensional structures. We study the formation of a two-dimensional hexagonal phase, and the corresponding isotropic-lamellar (I-L), isotropic-hexagonal (I-H) and the hexagonal-lamellar (H-L) phase transitions. We review first some well known results of the mean-field treatment [7] and of the Hartree approximation of Brazovskii [14] . Then we discuss the role of the shear field on the I-H and H-L phase transitions and conclude by outlining the practical relevance of this work for surfactant systems.
Mean-field and Hartree descriptions of the transitions
Our starting point is the Landau-Ginsburg expansion [ 181 for the free-energy density as a function of the order parameter 4 (in units of k,T):
z being a temperature-like control variable. The order parameter is chosen to vanish on average in the homogeneous disordered phase and has a non-zero value in the ordered phases. The third order coefficient p is a measure of the intrinsic asymmetry, being zero for completely symmetric systems.
We first recall the predictions of the mean-field theory for the formation of the lamellar and hexagonal mesophases. The one dimensional lamellar phase along the z-axis is described by
Physica Scripta T35 and for the two dimensional hexagonal phase in the Y -Z plane we have
Replacing these forms of the order parameter in the LandauGinsburg free energy (I), minimizing with respct to the amplitudes ah and a, and then comparing the values at the minima, leads to the determination of the isotropic-lamellar (I-L), isotropic-hexagonal (I-H) and lamellar-hexagonal (L-H) phase transitions. The phase diagram may be displayed in I convenient way in the [z/A, p/A] plane ( Fig. l(a) ). As expected we have an homogeneous disordered phase at high temperatures. For symmetric systems (p = 0) there is a second-order phase transition from the isotropic to the lamellar phase at z = 0. For asymmetric systems (p # 0) the transitions are first order. Unde cooling the hexagonal phase appears first but at lower temperatures the stablestructure is the smectic.
Physica Scripta T35
The role of the fluctuations on the phase transition has been previously considered by Brazovskii [ 141 who showed that, within a self-consistent Hartree approximation, the renormalized inverse susceptibilities of the isotropic (r,), lamellar ( r , ) and hexagonal ( r h ) phases satisfy the following equations [6, 141, where a = G/(471):
The difference to the mean-field picture resides in the presence of the o-terms which are the explicit contributions of the fluctuations, self-consistently calculated from
The phase diagram can be obtained by minimization of the thermodynamic potentials (with renormalized susceptibilities) and by comparison of their minimized values [6, 171. We summarize in Fig. 1 .b the results plotted in the plane ?, fi
There are two main differences with the mean-field phasediagram. First, the isotropic-lamellar phase transition is shifted to negative values of the temperature (?, = -2.03) and the transition is first order even for symmetric systems (the spinodal line, given by ro = 0 is shifted to z = -00). In the symmetric case the lamellar structure first appears from the isotropic phase with a finite amplitude a, = 1 . 4 5 d 3 A-''6. The second difference is the existence of a finite region of small fi for which the hexagonal phase is never stable. Only for asymmetries larger than fi, = 0.564 does this structure appear. where 1 is the Onsager mobility coefficient, approximated by its value at k,. This gives an equation for the flow-distorted
The main assumption in this formulation is that the flow field U, = (Dy, 0, 0) is fixed by an externally imposed perturbation. This completely neglects any reaction of the flow field to local fluxtuations in the order parameter, but it is a good approximation for the disordered state and presumably also in weakly ordered phases (since the order parameter is small everywhere). A = DID* and discuss how the phase diagram changes when A varies from 0 to CO. Following the above scheme, the phase diagram for the crystallization of the lamellar and hexagonal structures is still obtained by minimization of the "static" thermodynamic potentials where the contributions from the fluctuations to the renormalized susceptibilities (equations 1 and 5) are now flow-dependent (equations 8 and 9). In the regime of small shear rates we have solved these equations by a perturbation method, to first order in A*. For large shear rates we indicate the general trends of the solutions, which may be determined largely by applying topological arguments to the phase diagram.
The new phase diagram which accounts for the role of the shear flow is set in a three-dimensional space [?, p, A]. The A = 0 and A = CO planes correspond, respectively, to the static Hartree ( Fig. l(a) ) and mean-field ( Fig. l(b) ) phasediagrams. The fi = 0 plane corresponds to the situation previously analyzed by Cates and Milner [16] . This situation arises for completely symmetric systems, and the only two possible phases are the lamellar and the isotropic. The I-L transition temperature ?c = -2.03 for zero shear rate, to reach the infinite shear rate value of z, = 0. In the region of small flow rate the first correction to the temperature is quadratic in the flow rate ic(A) -2, = 3.323A2 (Fig. 2) . Correspondingly, the triple point located at [?,, fi,, A = 01 in the static case moves towards its
Thus an interesting situation arises if 15 is smaller than but close to the triple point value bc = 0.56), and for temperatures such that ? is greater than but close to its I-L value ic = -2.03: in this region close to the static triple point, the same isotropic system can transform either into the lamellar or into the hexagonal phase according to whether it is cooled or sheared.
Applications to surfactant systems
The results presented above can be applied directly to surfactant systems, with some extra input from experimental results to estimate the parameter values. Here we consider mixtures of oil, water and surfactant which form thermodynamically stable phases. The isotropic phase is a microemulsion; at low temperatures (and/or high concentrations) this is unstable, typically to lamellar ordering, although hexagonal phases are sometimes seen [9] . The relevant parameters of the thermodynamic description of the system are: q5 the volume fraction of water; $, the volume fraction of the surfactant (which resides in the surface dividing the water and oil domains); 6 = Ck/a where tk is the persistence length of that surface and a its thickness, and xo which is the ratio of the persistence length to the spontaneous radius of curvature of the interface. We may expand a suitable estimate of the free-energy [5] G ( $ , q5s, xo, 6) for these systems in powers of the order parameter $ = 4 -4, with 4 the average value of the water fraction in the homogeneous disordered phase and 6 its spatially dependent value in an ordered phase. Assuming the existence of corresponding gradient terms, and comparing the coefficients of the expansion with the parameters of the Landau-Ginsburg free-energy, we obtain an estimate for the asymmetry parameter fi as
Here p is the value of S(O)/S(k,) in the isotropic phase at coexistence with a lamellar state; this parameter is for microemulsions of order unity [22] . The other relevant quantities a r e x = a$)G(4)I4=i. Within the framework of the model of Andelman et al. [22] 
Conclusions
We have studied the effect of shear on the transition from isotropic (I) to hexagonal (H) and lamellar (L) phases in weakly ordering systems, such as microemulsions, and lyotropic surfactant solutions. [Applications to block copolymer systems may also be significant and are described elsewhere 1171.1 The role of shear is to move the system away from Hartree and toward mean-field behaviour. For the case of the I-L phase transition temperature that increases with flow rate; thus for suitable temperatures a shear induced I-L transition is predicted. Preliminary observations on spongelike L3 phases [ll-131 are in accord with this prediction, which was made originally for symmetric systems 1161 (of which the L, phase may in fact be an example). In the asymmetric case the same tendency to suppress fluctuations can lead to more subtle effects on the phase diagram. When the cubic coefficient p is large enough, a hexagonal phase is stabilized relative to lamellae at all flow rates. However, the most interesting case arises when there is a relatively small cubic term. Under these conditions a mean field calculation (valid at high flow rate) show that the hexagonal phase is stable whereas the Hartree results for the static case show that the lamellar phase is preferred. This results in the phase diagram of Fig. 2 , which shows that hexagonal order may be induced under shear in systems that have no phase of this symmetry in their static phase diagram. This is particularly interesting since, although static hexagonal order is found in a minority of microemulsion-forming systems [9] , lamellar order is much more common. Our treatment suggests that at least some of these systems will order hexagonally under a shear flow; we await with interest experimental tests of this prediction.
